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Type Iα phosphatidylinositol-4-phosphate 5-kinase mediates
Rac-dependent actin assembly
Kimberley F. Tolias*†, John H. Hartwig‡§, Hisamitsu Ishihara¶, 
Yoshikazu Shibasaki¶, Lewis C. Cantley*† and Christopher L. Carpenter*§
Actin polymerization is essential for a variety of cellular
processes including movement, cell division and shape
change. The induction of actin polymerization requires
the generation of free actin filament barbed ends, which
results from the severing or uncapping of pre-existing
actin filaments [1,2], or de novo nucleation, initiated by
the Arp2/3 complex [3–7]. Although little is known
about the signaling pathways that regulate actin
assembly, small GTPases of the Rho family appear to be
necessary [8–11]. In thrombin-stimulated platelets, the
Rho family GTPase Rac1 induces actin polymerization
by stimulating the uncapping of actin filament barbed
ends [2]. The mechanism by which Rac regulates
uncapping is unclear, however. We previously
demonstrated that Rac interacts with a type I
phosphatidylinositol-4-phosphate 5-kinase (PIP 5-kinase)
in a GTP-independent manner [12,13]. Because
PIP 5-kinases synthesize phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2), a lipid that dissociates capping
proteins from the barbed ends of actin filaments [14–16],
they are good candidates for mediating the effects of Rac
on actin assembly. Here, we have identified the Rac-
associated PIP 5-kinase as the PIP 5-kinase isoforms α
and β. When added to permeabilized platelets,
PIP 5-kinase α induced actin filament uncapping and
assembly. In contrast, a kinase-inactive PIP 5-kinase α
mutant failed to induce actin assembly and blocked
assembly stimulated by thrombin or Rac. Furthermore,
thrombin- or Rac-induced actin polymerization was
inhibited by a point mutation in the carboxyl terminus of
Rac that disrupts PIP 5-kinase binding. These results
demonstrate that PIP 5-kinase α is a critical mediator of
thrombin- and Rac-dependent actin assembly. 
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Results and discussion
To investigate whether PIP 5-kinases play a role in Rac-
dependent actin assembly, we first determined the iden-
tity of the PIP 5-kinase isoform that associates with Rac.
Recombinant glutathione-S-transferase (GST) fusion
proteins of Rac1, RhoA, and Cdc42 bound to glu-
tathione–sepharose (GSH) beads were incubated with the
lysate of 293 cells transiently transfected with murine
PIP 5-kinase α or PIP 5-kinase β tagged with hemagglu-
tinin (HA). The beads were washed and analyzed for
PIP 5-kinase binding by western blotting using an anti-
HA antibody. GST–Rac1 bound specifically to both
PIP 5-kinase α and PIP 5-kinase β (Figure 1a).
PIP 5-kinase α and PIP 5-kinase β also associated to a lesser
degree with GST–RhoA and GST–Cdc42 (Figure 1a),
whereas they did not interact with the GST control
(Figure 1a). To determine whether the association between
Rac1 and PIP 5-kinase α or β is direct, GST–Rac1 bound to
GSH beads was analyzed for its ability to associate with
the purified, recombinant proteins. GST–Rac1, preloaded
with either GTPγS or GDPβS, interacted with both
PIP 5-kinase α and PIP 5-kinase β, as judged by associated
PIP 5-kinase activity (Figure 1b). These results demon-
strate that the PIP 5-kinase isoforms α and β interact
directly with Rac, and are likely to be the Rac-associated
PIP 5-kinase activity described previously [12,13]. Coex-
pression of the PIP 5-kinases with constitutively active Rac
(RacV12) in 293 cells resulted in a 50% increase in the
PIP 5-kinase activity measured in PIP 5-kinase immuno-
precipitates (see Supplementary material), suggesting that
Rac activates the PIP 5-kinases in vivo.
Because the product of the PIP 5-kinases, PI(4,5)P2,
inhibits actin filament barbed end capping proteins
in vitro [14–16], it is possible that Rac mediates actin fila-
ment assembly by stimulating the associated PIP 5-kinases
to synthesize PI(4,5)P2. To test this idea, we began by
determining whether PIP 5-kinase α or β were sufficient to
promote actin assembly in platelets. Permeabilized platelets
were exposed to various concentrations of recombinant
PIP 5-kinase α or PIP 5-kinase β for 1 minute, and then the
number of exposed barbed ends was determined in an actin
assembly assay using pyrene-labeled actin (see Supplemen-
tary material). As shown in Figure 2a, concentrations of
PIP 5-kinase α as low as 3 nM stimulated barbed filament
end exposure and concentrations of 7 nM or greater led to
maximal exposure. The ability of PIP 5-kinase α to stimu-
late actin assembly was comparable to that seen with
RacV12 and the thrombin-receptor-activating peptide
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(TRAP; see Figure 2d and below). In contrast,
PIP 5-kinase β, which is more active than PIP 5-kinase α
in in vitro kinase assays [17], failed to induce actin poly-
merization, even at high concentrations (up to 100 nM).
To determine whether the kinase activity of
PIP 5-kinase α is necessary for its effects on actin assem-
bly, Asp227 of PIP 5-kinase α was mutated to alanine to
create a kinase-inactive PIP 5-kinase (PIP 5-kinase
α D227A). When expressed in Escherichia coli, the activity of
PIP 5-kinase α D227A was dramatically reduced to around
2% that of wild type (Figure 2b). In contrast to wild-type
PIP 5-kinase α, the addition of PIP 5-kinase α D227A to
permeabilized platelets had no effect on actin polymeriza-
tion, indicating that the kinase activity of PIP 5-kinase α is
required for this effect (Figure 2c). The kinase activity of
PIP 5-kinase α also appears to be necessary for actin assem-
bly stimulated by thrombin or Rac, as PIP 5-kinase α D227A
completely abolished TRAP- or RacV12-induced actin poly-
merization (Figure 2d). PIP 5-kinase α D227A most likely
acts as a dominant negative by binding to Rac and displacing
endogenous PIP 5-kinase, thereby blocking PI(4,5)P2 syn-
thesis induced by TRAP or RacV12.
To examine whether the association between
PIP 5-kinase α and Rac is required for Rac function in the
thrombin-stimulated actin assembly pathway, we gener-
ated a Rac mutant that lacks the ability to interact with
the PIP 5-kinases. On the basis of the requirement of the
Rac carboxyl terminus for PIP 5-kinase binding [13],
several carboxy-terminal point mutants of RacV12 were
made and analyzed for PIP 5-kinase binding. Of the
mutants tested, only RacV12 K186E, in which the lysine
residue at position 186 was mutated to glutamate, failed to
associate with the PIP 5-kinase activity from rat brain
homogenate (97% less than RacV12; see Supplementary
material), and was therefore tested for its ability to bind to
the PIP 5-kinase isoforms. As shown in Figure 3a,
RacV12 K186E did not associate above background levels
with either PIP 5-kinase isoform (Figure 3a). The inability
of RacV12 K186E to interact with the PIP 5-kinases was not
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Figure 1
Association of Rac1 with PIP 5-kinase α and PIP 5-kinase β.
(a) Bacterially expressed GST and GST fusion proteins of Rac1,
RhoA, or Cdc42 (10 µg each) bound to GSH beads were incubated
with the lysate of 293 cells transiently expressing HA-tagged murine
PIP 5-kinase α or β. The beads were washed and analyzed for
PIP 5-kinase binding by western blotting with an anti-HA antibody.
Lysates containing PIP 5-kinase α or PIP 5-kinase β are shown on the
right. Results are representative of four independent experiments.
(b) GST (8 µg) and GST–Rac1 (8 µg) bound to GSH beads were
loaded with GTPγS or GDPβS and then incubated with 2 µg
recombinant PIP 5-kinase α or β, which had been cleaved from GST
with thrombin. Following a 45 min incubation, the GST and Rac beads
were washed and assayed for associated PIP 5-kinase activity. Data
shown are representative of three independent experiments. 
Figure 2
PIP 5-kinase α uncaps actin filaments in permeabilized platelets and is
necessary for thrombin- or RacV12-stimulated actin assembly.
(a) Platelets were permeabilized with 0.4% n-octyl-β-glucopyranoside
(OG) and incubated for 1 min with various concentrations of
PIP 5-kinase α or β. Pyrene-labeled actin was then added to the platelets
and barbed end exposure determined. Results shown are the
mean ± standard deviation (SD) of three experiments. (b) The kinase
activity of recombinant PIP 5-kinase α D227A was compared with wild
type. (c) Resting permeabilized platelets were incubated for 1 min with
10 nM wild-type PIP 5-kinase α or kinase-inactive PIP 5-kinase α D227A
and then assayed for actin assembly. Data shown are the mean ± SD
(n = 3). (d) The ability of PIP 5-kinase α D227A to block TRAP- or
RacV12-stimulated actin assembly was analyzed by incubating resting
permeabilized platelets with 10 µM TRAP or 10nM RacV12 either alone
or in combination with 25 nM PIP 5-kinase α D227A. Pyrene-labeled
actin was then added to the platelets and barbed end exposure
determined. Results shown are the mean ± SD of three experiments.
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due to improper protein folding, as it associated with
IQGAP2 and Pak1, known effectors of Rac (data not shown).
RacV12 K186E was then compared with RacV12 for its
ability to promote actin polymerization in permeabilized
platelets. As shown in Figure 3b, when RacV12 K186E
was added to permeabilized platelets, it failed to induce
actin filament barbed end exposure and assembly. This
result indicates that the carboxyl terminus of Rac is
required to stimulate actin assembly, most likely by inter-
acting with PIP 5-kinase α. This finding, taken together
with the observation that kinase-inactive PIP 5-kinase α
(PIP 5-kinase α D227A) blocks actin uncapping stimu-
lated by RacV12 (Figure 2d), indicates that PIP 5-kinase α
acts downstream of Rac in the actin assembly pathway.
Because RacV12 K186E failed to stimulate actin
assembly, it was next examined for its ability to inhibit
actin polymerization induced by PIP 5-kinase α or
TRAP. RacV12 K186E was unable to block
PIP 5-kinase α-induced actin assembly (Figure 3b),
which is consistent with PIP 5-kinase α acting down-
stream of Rac. In contrast, RacV12 K186E inhibited
TRAP-stimulated actin assembly (Figure 3b). In addi-
tion, TRAP-induced actin polymerization was attenuated
by a Rac construct (RacCT) comprising the last 27 amino
acids of Rac (residues 165–192; Figure 3b), which is
capable of binding to the PIP 5-kinase activity from rat
brain [13]. It is likely that RacV12 K186E and RacCT
block TRAP-stimulated actin assembly by two different
mechanisms. RacV12 K186E might compete with
endogenous Rac for other effector proteins or sites of
localization that are required for actin assembly, but
would fail to recruit the PIP 5-kinase. RacCT, on the
other hand, might sequester endogenous PIP 5-kinase
and prevent its interaction with Rac. Consistent with this
possibility, we have previously shown that a peptide cor-
responding to the carboxyl terminus of Rac can block the
binding of Rac to PIP 5-kinase activity of rat brain [13].
These results demonstrate that the association between
Rac and PIP 5-kinase α, mediated by the carboxyl termi-
nus of Rac, is important for Rac function in the throm-
bin-stimulated actin assembly pathway.
To further investigate the likelihood that Rac and
PIP 5-kinase α function in a common signaling pathway,
they were tested for their ability to synergize in promoting
actin polymerization. When added to permeabilized
platelets at a concentration of 2 nM, PIP 5-kinase α induced
a modest increase of ~25 free barbed ends per platelet,
whereas RacV12 failed to stimulate actin uncapping (Figure
3c). When PIP 5-kinase α was added in combination with
RacV12 at this concentration, there was a ~ninefold increase
in free barbed ends compared to the number seen when
PIP 5-kinase α was added alone (Figure 3c). This result pro-
vides additional evidence that Rac and PIP 5-kinase α func-
tionally interact to induce actin assembly.
It was previously reported that TRAP and RacV12
enhance PI(4,5)P2 synthesis in permeabilized platelets [2].
To determine whether the ability of the PIP 5-kinase and
Rac constructs shown in Figure 3b to stimulate actin
assembly correlates with their ability to induce PI(4,5)P2
synthesis, permeabilized platelets were treated with these
proteins in the presence of 100 µCi/ml [γ-32P]ATP. As a
control, platelets were treated with [γ-32P]ATP alone
(unstimulated). We found that RacV12 and PIP 5-kinase α
stimulated PI(4,5)P2 synthesis sevenfold and tenfold,
respectively, compared with unstimulated platelets
(Figure 4). In contrast, RacV12 K186E and PIP 5-kinase α
D227A only weakly stimulated PI(4,5)P2 synthesis. These
results show that the ability of the various PIP 5-kinase
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Figure 3
PIP 5-kinase α acts downstream of Rac in a thrombin-stimulated
pathway regulating actin uncapping and assembly. (a) The bacterially
expressed GST fusion proteins RacV12 and RacV12 K186E or GST
alone, bound to GSH beads, were incubated with the lysates of 293
cells transiently transfected with an HA-tagged PIP 5-kinase α or
PIP 5-kinase β construct. The beads were precipitated, washed, and
analyzed for PIP 5-kinase binding by immunoblotting with an anti-HA
antibody. Results are representative of three experiments.
(b) Permeabilized platelets were exposed to the various stimuli indicated
for 1 min, and then assayed for the exposure of actin filament ends.
PIP 5-kinase α was used at a concentration of 10 nM, whereas the Rac
constructs were used at 100 nM. Results are presented as the
mean ± SD (n = 3). (c) PIP 5-kinase α and RacV12 synergize to promote
actin assembly. Resting permeabilized platelets were exposed to various
concentrations of PIP 5-kinase α and RacV12, either alone or in
combination, and then the platelets were assayed for the exposure of
actin filament ends. Actin assembly results are the mean ± SD (n = 3). 
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and Rac constructs to induce the exposure of actin fila-
ment barbed ends correlates with their ability to stimu-
late PI(4,5)P2 synthesis and indicate that PI(4,5)P2
synthesis by PIP 5-kinase α mediates actin assembly in
permeabilized platelets.
In summary, we have identified PIP 5-kinase α as a Rac
effector and demonstrated that PIP 5-kinase α stimulates
actin assembly downstream of the thrombin receptor,
PAR-1, and Rac by synthesizing PI(4,5)P2. We have also
identified the carboxyl terminus of Rac as a region required
for its effects on actin assembly. On the basis of these
results, we propose the following model (see Supplementary
material). When platelets are stimulated, the intracellular
levels of calcium rise following phospholipase C activation,
resulting in the severing and capping of actin filaments by
calcium-dependent capping/severing proteins such as gel-
solin [1,18]. Cellular stimulation also leads to the activation
of Rac, which activates and/or recruits PIP 5-kinase α to
specific sites in the plasma membrane where it synthesizes
PI(4,5)P2. Newly synthesized PI(4,5)P2 binds to gelsolin
and other capping proteins, dissociating them from the
barbed ends of actin filaments [2,14–16]. Actin uncapping
then allows actin monomers to add onto the barbed ends of
actin filaments, resulting in actin polymerization.
Supplementary material
Additional methodological detail and three figures showing Rac activa-
tion of PIP 5-kinase α and β, the effects of Rac carboxy-terminal muta-
tions on PIP 5-kinase binding and a model for the function of
PIP 5-kinase α in actin assembly are available at http://current-
biology.com/supmat/supmatin.htm.
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Figure 4
Treatment of resting permeabilized platelets with 100 nM RacV12 or
10 nM PIP 5-kinase α results in the production of PI(4,5)P2. Resting
platelets were permeabilized and then incubated at 37°C with
[γ-32P]ATP alone (unstimulated) or with the indicated stimuli. After
5 min, platelets were lysed and 32P-labeled phospholipids were
extracted and analyzed by thin layer chromatography. Results are the
mean ± standard error (SE) of four experiments.
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